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Introduction
Primary malignant central nervous system (CNS) tumors are the second most common malignancies in children and are the most common pediatric solid organ tumor (1) . The most common tumour types locate in the posterior fossa are cerebellar astrocytomas, medulloblastomas and brain stem gliomas. Although, advances in surgical techniques, new modalities of radiotherapy (RT), and chemotherapy (CT) have greatly improved the survival rates in children with posterior fossa tumours and CNS tumors in general, mortality and morbidity associated with these disorders remain significant.
In most patients with posterior fossa tumors, a combined modality approach that includes surgery, radiation therapy and CT is used in the treatment. Long-term survival is now achieved in majority of the patients, but each component of therapy have a potential to cause late complications that have a profound effect on quality of life in survivors. Endocrine-reproductive problems are among the most common late sequelae in survivors of childhood cancers in general, and in posterior fossa tumors (2) . These problems often result in significant morbidity including poor growth, thyroid dysfunction, pubertal delay, gonadal toxicity/infertility, precocious puberty, adrenal insufficency, and osteopenia. Understanding how to improve the prevention, recognition, and treatment of endocrinopathies will improve the wellbeing of these patients. Children who are at risk for endocrine complications are especially those who were treated with RT and/or high doses of alkylating agents, such as cyclophosphamide, ifosfamide, and busulfan (3) . Tumour-induced damage also plays some role in these complications, as shown in a study, in which 15/32 (47%) of patients with posterior fossa tumors had evidence of endocrine problems prior to RT (4).
Endocrinologic-Hormonal Complications of Posterior Fossa Tumours

Growth Retardation and Short Stature
Growth velocity and adult height of pediatric posterior fossa tumour survivors may be negatively influenced by both endocrine and non-endocrine factors. Non-endocrine factors are mainly radiation-induced direct damage to the vertebral growth plates. Spinal irradiation damages both the epiphyseal plates and the bony matrix. Children treated with spinal irradiation often have stunted spinal growth, which becomes more prominent during adolescence (10) . Besides this, in the year following diagnosis of medulloblastoma, suboptimal growth may result from ill health and anorexia, although an associated transient GH deficiency is known to occur during or immediately after cranial irradiation. It has been demonstrated that the main reason for suboptimal growth is retardation of spinal growth especially during periods of accelerated growth (11). Brauner et al (12) performed a prospective study of 16 children, aged 1.7-15 year at the time of treatment, who received cranial (31-42 Gy) and spinal radiation for medulloblastoma or ependymoma. Growth of the subjects was compared to that of 11 children given similar doses of cranial radiation alone. After 2 years of follow-up, children treated by cranial and spinal radiation had a mean height of -1.46+/-0.40 standard deviation (SD) below the normal. In contrast, the patients received cranial radiation alone had a mean height of -0.15+/-0.18 SD further supporting the conclusion that suboptimal growth in children with posterior fossa tumors predominantly caused by spinal irradiation.
GH deficiency may also contribute to suboptimal growth in some of these children. In general, GH is the most sensitive hormone to radiation-induced damage, and GH deficiency is therefore, the most common endocrinopathy seen in pediatric cancer survivors following cranial irradiation. GH deficiency develops in a dose-and time-dependent manner with the risk increasing above the doses higher than 18 Gy of radiation and the time interval increases from treatment (13) . It has been demonstrated that doses as low as >2.9 Gy cause GH deficiency (14) . Younger children are more vulnerable to the efect of radiation-induced GH deficiency as shown in survivors of medulloblastoma. Young age at treatment was a determinant of GH deficiency in adulthood (15) .
Early recognition of suboptimal growth in children with posterior fossa tumours are important and requires regular and precise monitoring of both standing height and sitting height measurements. After reviewing the child's growth curves and treatment-related risk factors, GH provacation tests are indicated in most cases with documented suboptimal growth. Failure in two GH stimulation tests, using two different pharmacologic stimuli, is required for the diagnosis of GH deficiency. In patients who received irradiation, insulin-induced hypoglycemia may be the most sensitive and reliable pharmacologic test of GH status, however because it carries the risk of serious hypoglycemia-related events, it should be performed only in experienced clinics under close surveillance. Insulin-like growth factor-1 (IGF-1) and IGF-binding protein 3 (IGF-BP3), which are commonly used as surrogate markers of GH secretion in children assessed for short stature, are not reliable indicators of GH status following cranial irradiation or documented hypothalamic-pituitary injury due to tumoral expansion (16) . In children with posterior fosssa tumors and proven GH deficiency, a comprehensive consultation regarding the benefits and risks of GH therapy should be performed prior to the initiation of therapy. Although several studies have reported no evidence of increased risk of tumor recurrence associated with GH therapy (17) , there are data showing a small risk of second neoplasms, particularly solid tumors, in childhood cancer survivors treated with GH (18) .
Once the risks and benefits have been carefully discussed, GH therapy can be provided to patients with GH deficiency. Several prognostic factors in regard to adult height was identified. In a report of 183 childhood cancer survivors treated with GH, higher final height was associated with a younger bone age at the time of initiation of GH and higher doses of GH, while a higher dose of spinal irradiation was negatively associated with final height (19) .
Hypothyroidism
Survivors of childhood posterior fossa tumours develop hypothyroidism in varying frequency and the etiology of hypothyroidism depends on the exposure and the dose of radiation. Since both neck and hypothalamopituitary area may have exposed to radiation, the patients can develop primary hypothyroidism, central hypothyroidism or a mixed form of hypothyroidism. The diagnosis of primary hypothyroidism is based on high serum TSH levels and low serum free thyroxine (fT 4 ) values, whereas in central and mixed hypothyroidism low fT 4 is accompanied by a normal or modestly elevated TSH. In a study investigating thyroid dysfunction in pediatric posterior fossa tumours, hypothyroidism was found in 12/23 patients in the course of treatment, in 2 patients hormone deficits diagnosed directly after irradiation, in 10 patients, hypothyroidism was observed at the completion of the whole therapy (20) .
In survivors of medulloblastoma, both primary and central hypothyroidism has been reported. Primary hypothyroidism is seen more commonly than central hypothyroidism (38% and 19% respectively) (21) . Age is an important risk factor as young children are more susceptible to thyroid dysfunction. In a study, all 7 children <5 years developed hypothyroidism, whereas, in children of 5-10 years, and >10 years frequency of hypothyroidism were 60% and 20% respectively. Furthermore, hypothyroidism was shown in 83% who had 23 Gy+CT, 60% who had 36 Gy+CT, and 20% who had 36 Gy without CT indicating that regimens consisting of CT and 2340 cGy craniospinal irradiation followed by a posterior fossa boost for medulloblastoma do not show a reduction of hypothyroidism. However, Ricardi et al (22) have shown that the use of hyperfractionated craniospinal RT in the treatment of childhood posterior fossa primitive neuroectodermal tumours is associated with a lower risk of developing late thyroid dysfunction. Risk factors for hypothyroidism include young age, use of CT and CDs of RT, all of which are associated with a higher incidence of hypothyroidism. Levothyroxine treatment is indicated for patients with hypothyroidism. Dose should be titrated to maintain normal fT 4 levels. Serum TSH should be monitored to assess dosing adequacy and medication compliance in cases with primary hypothyroidism.
Thyroid Neoplasms
Exposure of radiation to neck during craniospinal irradiation in children with posterior fossa tumours pose a risk for both benign and malignant thyroid neoplasms (23) . The raised TSH values in association with the radiation damage to the thyroid may be an important factor in carcinogenesis (24) . Thus, treatment with T 4 to suppress elevated TSH may be appropriate in these patients. RT prior to 10 years of age, and/or total doses of radiation between 20 and 29 Gy appear to confer the greatest risk for the development of thyroid cancer (23) . The association between radiation dose and thyroid cancer is curvilinear, with risk increasing at low to moderate doses and decreasing at doses >30 Gy due to cell-killing effect (25) . Among patients treated with radiation doses to the thyroid of ≤20 Gy, treatment with alkylating agents appears to increase the risk of thyroid neoplasias (26) . The risk of thyroid cancer persists throughout the adult life of at-risk survivors. There are case reports of thyroid carcinoma developed 7-12 years after irradiation for medulloblastoma (27, 28) . The Children's Oncology Group currently recommends yearly examination of the thyroid gland via careful palpation. Routine use of screening thyroid ultrasonography in childhood cancer survivors increases detection of small nodules of uncertain clinical significance and may result in unnecessary and excessive invasive procedures. This was illustrated in a study of pediatric Hodgkin lymphoma survivors who underwent routine screening thyroid ultrasonography. Although thyroid nodules were a common finding, only one case of malignant thyroid cancer was detected by ultrasound screening. Another six cases of thyroid cancer developed in the cohort, which were detected after clinical findings prompted further evaluation. All seven patients with thyroid cancer were alive at the time of data analysis (29) . Thus, in survivors of posterior fossa tumours, careful palpation and/or thyroid ultrason (US) annually is recommended. In patients who have suspicious nodules (based on ultrasonographic and clinical features), a fine needle aspiration biopsy is required to rule out malignancy. Continous surveillance with US is needed in those with benign cytology.
Delayed Puberty
Hypogonadotroic hypogonadism or gonadal damage may cause delayed or arrested puberty depending on age in the survivors of childhood posterior fossa tumours. Those who have already reached sexual maturity can also develop treatment-related luteinizing hormone (LH)/folliclestimulating hormone (FSH) deficiency. Presentation in adul females includes secondary amenorrhea, and in males, loss of libido, erectile dysfunction, and reduced energy.
Delayed puberty is defined by the absence of breast development in girls by 13 years of age and testicular size less than 4 ml in boys by 14 years of age. Absence of progression or completion of puberty that had already started is called arrested puberty. The patients who are treated with radiation doses >30 to 40 Gy to the hypothalamic-pituitary axis are at risk for deficits of LH and FSH called hypogonadotropic hypogonadism (low Serum FSH and LH levels) (30) . In addition to hypogonadotropic hypogonadism, survivors of childhood posterior fossa tumours are at risk for primary gonadal dysfunction due to direct damage to the ovaries or testes (in which case serum FSH and LH are elevated and is called Hypergonadotropic hypogonadism). Similar to those in hypothyroidism, some patients with gonadal failure may also have partial gonadotropin deficiency which prevents elevation of gonadotropins and mask gonadal damage. Mesaurement of inhibin B and antimüllerian hormone (AMH) may be helpful in these circumstances. Cuny et al (31) measured plasma inhibin B and in 34 boys and 22 girls to evaluate the roles of hypothalamic-pituitary and spinal irradiations and CT in gonadal dysfunction after treatment for medulloblastoma or posterior fossa ependymoma. Two boys had partial gonadotropin deficiency, one of them was combined with testicular deficiency. Six boys had increased levels of FSH, indicating tubular deficiency, combined with Leydig cell deficiency in 5 of them. Inhibin B levels were <100 ng/ mL in 7 boys (6 boys with testicular damage, and one boy with combined deficiencies. Puberty did not progress in 7 girls; 3 had gonadotropin deficiency (one of them also had gonadotropin deficiency), and 4 had increased FSH levels indicative of ovarian damage. Inhibin B and AMH levels were low in the girl with combined deficiency, in the 4 girls with ovarian damage, and in 4 girls with normal clinical-biological ovarian function, including twogirls who underwent ovarian transposition before irradiation. Thus, it appaears that low plasma concentrations of inhibin B and AMH are useful means of detecting primary gonadal deficiency in patients who have no increase in their plasma gonadotropin levels because of radiation-induced gonadotropin deficiency.
Hypogonadotropic hypogonadism in survivors of posterior fossa tumors results from radiation exposure of brain, whereas primary gonadal failure may result from both radiation exposure to gonads and/or damaging effects of CT to the gonads. Ovarian (32) and testicular (33) damage after abdominal irradiation in childhood is known for a long time. Damage to the gonad is influenced by the total radiation dose, fractionation and time sequence of treatment and the sex and age of the patient. Single doses of 6 Gy are probably 100% effective in causing permanent sterility in women of all ages (34). Brown et al (35) have shown that after spinal irradiation of 35 Gy the scattered dose to the ovaries may be as high as 10 Gy, and by the use of skin dose meters they calculated a cumulative dose of approximately 2.4 Gy to the testes. It has been shown that patients who had had CCNU but no spinal RT also had evidence of primary gonadal damage (35) .
Male Patients
The human testis has two primary functions: sperm production and testosterone production. One or both of these functions may be damaged by cancer treatment. Germ cells and Sertoli cells form the seminiferous tubules where spermatogenesis occurs; Leydig cells are responsible for the production of testosterone.
Germ cell dysfunction: The following chemotherapeutic agents are associated with impaired spermatogenesis, which is dependent on the cumulative dose (36): Mechlorethamine, Cyclophosphamide, Ifosfamide, Procarbazine, Busulfan, Melphalan (all alkylating agents) and Cisplatin. Alkylating agents used in concert have additive gonadotoxic effects. Earlier studies suggested that younger age at treatment was associated with a lower risk of germ cell loss, however, data in this matter are inconclusive. Sperm analysis is the only definitive test available to determine a survivor's ability to produce sperm. Although a variety of clinical (e.g., decreased testicular volume) and biochemical findings (e.g., raised plasma concentrations of FSH and reduced plasma concentrations of inhibin-B) have been associated with impaired sperm production in population studies, none is suitable as diagnostic for oligospermia due to poor sensitivity and/or specificity.
Leydig cell dysfunction: Leydig cells are susceptible to radiation-induced damage at higher doses than those associated with germ cell dysfunction and the risk is directly related to testicular radiation dose and inversely related to age at treatment (37) . The majority of males who receive <20 Gy fractionated radiation to the testes will continue to produce normal amounts of testosterone (37) . However, most prepubertal males who receive radiation doses ≥24 Gy to the testis will develop Leydig cell failure. CT alone rarely results in Leydig cell failure, but subclinical Leydig cell dysfunction has been reported more commonly following treatment with alkylating agents (36). Ahmed et al (38) showed in a group of patients with medulloblastoma who received surgery and craniospinal radiation, only those who received CT had evidence of gonadal failure. They concluded that nitrosoureas were mainly responsible for the gonadal damage in these children and procarbazine also contributing to the damage in the three children who received this drug. The authors questioned the necessity of adjuvant CT in view of the limited proved value of adjuvant CT with nitrosoureas in the treatment of medulloblastoma, and recognition of this serious complication of cytotoxic drug therapy. Leydig cell failure will result in delayed puberty if it occurs before pubertal onset, or pubertal arrest if it occurs after the start of puberty. Affected males who have completed normal puberty may present with reduced libido, erectile dysfunction, decreased bone mineral density (BMD), and decreased muscle mass. In Leydig cell failure serum levels of LH is elevated and testosterone levels are low. These patients should be referred to an endocrinologist for initiation of testosterone replacement therapy.
Female Patients
Ovarian dysfunction may result from treatment with gonadotoxic CT (especially alkylating agents), or radiationinduced damage to the ovaries (31, 32, 35, 39) . Due to the interdependence of the sex steroid-producing cells and oocytes within the ovarian follicle, ovarian failure results in impairment of both sex hormone production and fertility. Risk of ovarian dysfunction is directly correlated with cumulative dose and age at exposure. Radiation doses to the ovary exceeding 10 Gy are associated with a very high risk of ovarian failure (40) . When ovarian transposition is performed prior to RT, many girls retain ovarian function (41) . Furthermore, it has been shown that using magnetic resonance imaging to localise the ovaries for positioning and a modified RT technique using a non-divergent beam edge inferiorly, it is possible to to reduce the ovarian dose by 66% (42). This technique was able to reduce the number of patients receiving <4 Gy to a single ovary from three to six. Irradiation at older age confers a greater risk. Women who have normal ovarian function at the end of treatment with potentially gonadotoxic therapy remain at risk for premature menopause later in life and should be counseled accordingly (43) . All patients treated with the gonadotoxic therapies should have periodic screening of LH and FSH measurements, and Tanner staging to monitor pubertal progression. Elevated gonadotropin levels indicate ovarian damage. Patients with ovarian deficiency should be referred to an endocrinologist for initiation of ovarian hormone replacement therapy.
Precocious Puberty
In survivors of CNS malignancies, or those treated with cranial RT, puberty may progress at a rapid tempo with accelerated skeletal development resulting in short stature (44, 45, 46, 47, 48) . In a recent study, the prevalance of central precocious puberty was found as 3.2% in children with posterior fossa tumors (45) . Younger age at diagnosis, female sex, and increased body mass index (BMI) are among the risk factors associated with precocious puberty (46) . Radiation doses to hypothalamo-pituitary area Gy is associated with precocious puberty in childhood malignancies, doses higher than that more likely to result in gonadotrophin deficiency (47) . It should be noted that children with precocious puberty due to cranial irradiation usually have GH deficiency as well, which may be masked since growth velocity is not slow because of precocious puberty. Survivors of childhood posterior fossa tumours who have early onset and/or a rapid tempo of pubertal development should be referred to an endocrinologist. Assessment of skeletal maturity via standard bone age and measurement of LH, FSH testosterone/estradiol levels should be done. A pelvic ultrasound, which assesses size of the ovaries and uterus, also may be obtained in girls. Since central precocious puberty is associated with accelerated bone age advancement with resultant reduction in final height potential, it may be beneficial to temporally suppress the hypothalamic-pituitary-gonadal axis by using long-acting formulations of gonadotropin releasing hormone agonists. Such therapy may prevent early menarche and further advancement in skeletal maturity, allowing a modest improvement in final height.
Adrenocorticotrophic Hormone Deficiency
ACTH deficiency is not a frequent endocrinopathy in posterior fossa tumour survivors and if present, it is related to high-dose irradiation >30 Gy to hypothalamopituitary area resulting in ACTH deficiency (49, 50) . Transient ACTH deficiency may also result from prolonged use of pharmacologic doses of glucocorticoids. Patients with ACTH deficiency may present with fatigue, poor weight gain, and/ or hypoglycemia. In times of stress or illness, unrecognized ACTH deficiency can be life-threatening. The patients should be screened annually for ACTH deficiency, by obtaining a fasting morning cortisol level at 8 AM. At-risk patients with screening basal cortisol levels <10 mcg/dL (276 nmol/L), or those who are symptomatic, should be referred to an endocrinologist for dynamic testing of adrenal function. Tests for appropriate central regulation of adrenal function include the insulin tolerance test, glucagon stimulation test, metyrapone test, standard-dose ore low dose ACTH stimulation tests. Patients with ACTH deficiency require glucocorticoid replacement therapy (e.g., hydrocortisone, prednisone, or prednisolone) at physiologic doses based on a daily production rate of hydrocortisone of 7 mg/m 2 per day. Under stress conditions, such as illness or surgery, glucocorticoid dosing should be increased to three times the normal replacement dose. If the patient is unable to tolerate oral therapy, an intramuscular injection of approximately 50 mg/m 2 of hydrocortisone sodium succinate (Solu-Cortef) should be administered. Every patient with ACTH deficiency should wear a medical identification bracelet, indicating the diagnosis of adrenal insufficiency, at all times.
Low Bone Mineral Density
Dual energy x-ray absorptiometry (DEXA) has traditionally been used to determine BMD. However it is important to emphasize that the results obtained with DEXA in children and adolescents must be interpreted according to age, height, and pubertal stage using normative Z-scores rather than T-scores. Children who have undergone irradiation for posterior fossa tumors have diminished total body and lumbar spine BMD, as compared with those of the general population (51, 52, 53) . In most of these patients, BMD was lower than normal in both the lumbar column and in the femoral neck. However, bone mass loss was higher in the lumbar region than in the femoral neck, due to spinal radiation therapy and to the effect of hormonal deficiencies. Hypogonadism in particular, but also multiple hormonal deficiencies, are associated with lower BMD values. In a study, regional BMD has been measured using DEXA in adults following craniospinal irradiation for medulloblastoma between ages 4 and 19 years, receiving doses of 35-40 Gy to the brain and spinal cord. Failure to achieve a normal BMD and mean reduction at lumbar spine of 12.1% and a mean reduction at femoral neck of 14.3% was observed (52) . There was no relationship between reduction in BMD at either site and age at irradiation, time elapsed since irradiation or BMI at time of scanning. Biochemical and endocrine evaluation including calcium, alkaline phosphatase, sex hormones and IGF-1 were normal in all patients. The observation of reduced BMD outside the irradiated area as well suggests that indirect factors may be important in osteopenia seen in these patients. In another study performed in the survivors of posterior fossa tumors, the reduction in BMD was similar within all treatment groups (craniospinal irradiation and CT, only craniospinal irradiation, and only posterior fossa irradiation), suggesting that CT did not play a major role in osteopenia and that localized irradiation may have systemic effects (53) . This population often has balance and gait problems, so the risk of falling, coupled with osteopenia, may place them at considerably increased risk of fractures.
In addition to radiation and gonadotropin deficiency, GH deficiency may contribute to low BMD in survivors of posterior fossa tumours. Sedentary lifestyle and suboptimal nutrition, which is often problematic in these group of children may also worsen BMD. Subjects at high risk for low BMD and those who experience fractures should undergo screening with bone density studies at entry into a long-term follow-up program. Calcium and vitamin D supplementation, and regular weight-bearing exercise should be encouraged in these children with borderline or low BMD. Sex hormone and GH replacement therapies should be implemented in those with hormone deficiencies to prevent pathological fractures, thus improving the quality of life.
Peer-review: Internal peer-reviewed, Financial Disclosure: The author declared that this study has received no financial support.
